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1 Introduction
Measurements of the heavy quarkonium production in hadron collisions can be used to test
predictions of quantum chromodynamics (QCD) in the perturbative and non-perturbative
regimes. Several theoretical models have been developed within the framework of QCD
to describe the quarkonium production cross-section and polarisation as functions of the
quarkonium transverse momentum, pT, but none can simultaneously describe both of
them [1]. Heavy quarkonia can be produced in three ways in pp collisions: directly in
the hard scattering, through feed-down from higher-mass quarkonia states, or via the
decay of b hadrons, with the first two of these being referred to as prompt production.
In the case of ψ(2S) mesons, the contribution from feed-down is negligible, allowing a
straightforward comparison between measurements of prompt production and predictions
for direct contributions.
The ψ(2S) meson has spin, parity and charge-parity quantum numbers, JPC = 1−−
and its polarisation can be determined by studying the angular distribution of muons in
the ψ(2S)→ µ+µ− decays [2, 3]. The distribution is described by
d2N
d cos θ dφ
(λθ, λθφ, λφ) ∝ 1 + λθ cos2θ + λθφ sin 2θ cosφ+ λφ sin2θ cos 2φ, (1)
where θ and φ are the polar and azimuthal angles of the µ+ direction in the rest frame of
the ψ(2S) meson, respectively, and λθ, λθφ and λφ are the polarisation parameters to be
determined from the data. The case of (λθ, λθφ, λφ) = (1, 0, 0) or (−1 , 0, 0) corresponds
to full transverse or longitudinal polarisation, respectively, while (λθ, λθφ, λφ) = (0, 0, 0)
corresponds to the unpolarised state.1 In this study of the ψ(2S) polarisation, two choices
of polarisation frame are used. These have a common definition of the Y -axis, taken to
be the normal to the production plane, which is formed by the momentum of the ψ(2S)
meson and the beam axis in the rest frame of the colliding LHC protons. The helicity
frame [4] uses the ψ(2S) momentum as the Z-axis. In the Collins-Soper frame [5] the
Z-axis is chosen to be the bisector of the angle between the two incoming proton beams
in the rest frame of the ψ(2S) meson. In both frames, the X-axis is defined to complete a
right-handed Cartesian coordinate system. The commonly used frame-invariant variable
λinv (see [6, 7]) is defined as
λinv =
λθ + 3λφ
1− λφ . (2)
Two classes of theoretical models are compared with the measurements in this paper:
the colour-singlet model (CSM) [8] and non-relativistic QCD (NRQCD) [9–13], at next-to-
leading order (NLO). In the high-pT region, where the quarkonium transverse momentum
is much larger than its mass (in natural units), the CSM underestimates significantly the
measured prompt J/ψ and ψ(2S) production cross-sections [14–16], while the NRQCD
model provides a good description of the pT-dependent J/ψ and ψ(2S) cross-sections
measured by LHCb [15,16] and CMS [17]. The CSM predicts large longitudinal polarisation
1For a ψ(2S) meson in a pure spin state the three polarisation parameters cannot vanish simultaneously.
1
for J/ψ and ψ(2S) mesons. On the other hand, in the NRQCD model, where quarkonium
production is dominated by the gluon fragmentation process in the high-pT region, the
gluon is almost on-shell, leading to predictions of large transverse polarisations [10]. Precise
measurements of the J/ψ polarisation at both the Tevatron [18] and the LHC [19–21],
which show no significant longitudinal or transverse polarisations, do not support either
the CSM or NRQCD predictions.
The prompt ψ(2S) polarisation has been measured by the CDF experiment [18] in pp
collisions at
√
s = 1.96 TeV, and by the CMS experiment [20] in pp collisions at
√
s = 7 TeV,
using the ψ(2S)→ µ+µ− decay. The CDF (CMS) measurement used ψ(2S) mesons in the
kinematic range 5 < pT < 30 GeV/c (14 < pT < 50 GeV/c) and rapidity |y| < 0.6 (|y| < 1.5).
The CDF result for pT > 10 GeV/c is in strong disagreement with the NRQCD prediction
of large transverse polarisation. At CMS, no evidence of large transverse or longitudinal
ψ(2S) polarisation has been observed.
This paper presents the measurement of the prompt ψ(2S) polarisation in pp collisions
at
√
s = 7 TeV, using data corresponding to an integrated luminosity of 1 fb−1, from
ψ(2S)→ µ+µ− decays. The ψ(2S) polarisation parameters are determined using unbinned
maximum likelihood fits to the two-dimensional angular distribution of the µ+ in the
helicity and Collins-Soper frames. The measurement is performed in the ψ(2S) kinematic
range 3.5 < pT < 15 GeV/c and 2.0 < y < 4.5.
2 LHCb detector and data sample
The LHCb detector [22] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector
includes a high-precision tracking system consisting of a silicon-strip vertex detector
surrounding the pp interaction region, a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-
strip detectors and straw drift tubes placed downstream. The combined tracking system
provides a momentum measurement with relative uncertainty that varies from 0.4%
at 5 GeV/c to 0.6% at 100 GeV/c, and impact parameter resolution of 20µm for tracks
with large transverse momentum. Different types of charged hadrons are distinguished
by information from two ring-imaging Cherenkov detectors [23]. Photon, electron and
hadron candidates are identified by a calorimeter system consisting of scintillating-pad and
preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons
are identified by a system composed of alternating layers of iron and multiwire proportional
chambers [24].
The trigger [25] consists of a hardware stage, based on information from the calorimeter
and muon systems, followed by a software stage, which applies full event reconstruction.
The hardware trigger requires the pT of one muon candidate to be larger than 1.48 GeV/c,
or the product of the transverse momenta of two muon candidates to be larger than
1.68 (GeV/c)2. In a first stage of the software trigger, two oppositely charged muon
candidates with pT > 0.5 GeV/c and momentum p > 6 GeV/c are selected and their invariant
2
mass is required to be greater than 2.7 GeV/c2. In a second stage of the software trigger,
two muon candidates consistent with originating from a ψ(2S) decay are chosen and
additional criteria are applied to refine the sample of the ψ(2S) candidates as follows.
The invariant mass of the candidate is required to be consistent with the known ψ(2S)
mass [26], and for 0.7 fb−1 of data, the pT of the candidate is required to be greater than
3.5 GeV/c.
In the simulation, pp collisions are generated using Pythia [27] with a specific LHCb
configuration [28]. Decays of hadronic particles are described by EvtGen [29], in which
final state radiation is generated using Photos [30]. The interaction of the generated
particles with the detector and its response are implemented using the Geant4 toolkit [31]
as described in Ref. [32]. The prompt charmonium production is simulated in Pythia
according to the leading order colour-singlet and colour-octet mechanisms [28,33], and the
charmonium is generated without polarisation.
3 Event selection
The ψ(2S) candidates are reconstructed from pairs of good quality, oppositely charged
particles that originate from a common vertex. The χ2 probability of the vertex fit
must be larger than 0.5%. The transverse momentum of each particle is required to be
greater than 1 GeV/c. Both tracks must also be consistent with the muon hypothesis.
As in the measurement of J/ψ polarisation [21], the significance Sτ , which is defined as
the reconstructed pseudo-decay time τ divided by its uncertainty, is used to distinguish
between prompt ψ(2S) mesons and those from b-hadron decays. The pseudo-decay time τ
is defined as
τ ≡ (zψ(2S) − zPV) ·Mψ(2S)
pz
, (3)
where zψ(2S) (zPV) is the position of the ψ(2S) decay vertex (the associated primary vertex)
in the z-direction, Mψ(2S) is the known ψ(2S) mass, and pz is the measured z component
of the ψ(2S) momentum in the centre-of-mass frame of the pp collision. The z-axis of the
LHCb coordinate system is defined as the beam direction in the LHCb detector region.
The ψ(2S) mesons from b-hadron decays tend to have large values of Sτ . The requirement
Sτ < 4 reduces the fraction of the selected non-prompt ψ(2S) mesons from about 20% to
3%.
The analysis is performed in five pT and five y bins of the ψ(2S) meson. As an
example, the invariant mass distribution of ψ(2S) candidates for 5 < pT < 7 GeV/c and
3.0 < y < 3.5 is shown in Fig. 1. In each kinematic bin, the mass distribution is fitted with
a combination of two Crystal Ball (CB) functions [34] with a common peak position for
the signal and a linear function for the combinatorial background. The relative fractions of
the narrower and broader CB functions are fixed to 0.9 and 0.1, respectively, determined
from simulation.
Using the results of the fit to the mass distribution, the sWeight wi for each candidate
i to be signal is computed by means of the sPlot technique [35]. The correlation between
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Figure 1: Invariant mass distribution of ψ(2S) candidates in the kinematic region
5 < pT < 7 GeV/c and 2.5 < y < 3.0. The solid blue line is the total fit function, the dot-dashed
green line represents the linear background function and the red dashed line is the combination
of the two CB functions.
the invariant mass of the ψ(2S) candidates and the muon angular variables is found to
be negligible, and the sWeights are used to subtract the background from the angular
distribution.
4 Polarisation fit
The polarisation parameters are determined from a fit to the (cos θ, φ) angular distribution
of the ψ(2S) → µ+µ− signal candidates in each kinematic bin of the ψ(2S) meson
independently. The angular distribution described by Eq. 1 is modified by the detection
efficiency , which varies as a function of the angular variables (cos θ, φ). In each kinematic
bin,  is obtained from a sample of simulated unpolarised ψ(2S)→ µ+µ− decays, where
cos θ and φ are generated according to uniform distributions. As an example, Fig. 2
shows the efficiency in the helicity frame for ψ(2S) candidates in the kinematic bin
5 < pT < 7 GeV/c and 2.5 < y < 3.0. For smaller (larger) pT and y values, the coverage of
the reconstructed muon angular variables is narrower (broader). In the regions | cos θ| ≈ 1,
and |φ| ≈ 0 or pi, the efficiency is lower because one of the two muons is likely to escape
the LHCb detector acceptance.
Combining the angular distribution given in Eq. 1 with the efficiency, the logarithm of
the likelihood function [36], in each pT and y bin, is defined as
lnL = α
Ntot∑
i=1
wi × ln
[
P (cos θi, φi|λθ, λθφ, λφ) (cos θi, φi)
N(λθ, λθφ, λφ)
]
, (4)
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Figure 2: Detection efficiency in arbitrary units as a function of cos θ and φ in the helicity frame
for ψ(2S) mesons in the range 5 < pT < 7 GeV/c and 2.5 < y < 3.0.
where P (cos θi, φi|λθ, λθφ, λφ) ≡ 1 + λθ cos2 θi + λθφ sin 2θi cosφi + λφ sin2 θi cos 2φi, wi is
the sWeight, and Ntot is the number of ψ(2S) candidates in the data. The global factor
α ≡∑Ntoti=1 wi/∑Ntoti=1 w2i is introduced to estimate correctly the statistical uncertainty for
the weighted likelihood function. The normalisation N(λθ, λθφ, λφ) is defined as
N(λθ, λθφ, λφ) =
∫
dΩP (cos θ, φ|λθ, λθφ, λφ)× (cos θ, φ)
= C
Mtot∑
j=1
P (cos θj, φj|λθ, λθφ, λφ), (5)
where the sum extends over the Mtot candidates in the simulated sample and C is a
constant factor. The last equality holds because the (cos θ, φ) two-dimensional distribution
for the fully simulated unpolarised ψ(2S) mesons is the same as the efficiency (cos θ, φ)
up to a constant global factor.
The angular efficiency is validated in data by using muons from B+→ J/ψK+ decays.
Due to angular momentum conservation, the J/ψ meson produced in this channel is
longitudinally polarised in the B+ meson rest frame. After reweighting the kinematic
properties of the simulated B+ and J/ψ mesons to reproduce the data, the remaining
differences of the angular distributions between the reweighted simulation sample and the
data are attributed to imperfections in the modelling of the detector response. Figure 3
compares the cos θ distributions in data for B+→ J/ψK+ candidates in the helicity frame
with simulated data after reweighting. The efficiency for simulated events is overestimated
for J/ψ candidates with | cos θ| > 0.5, therefore it is corrected as a function of pµ and yµ,
the momentum and the rapidity of the muon in the centre-of-mass frame of pp collisions.
The normalisation of Eq. 5 is calculated by assigning a weight to each candidate as the
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Figure 3: (Left) Distributions of cos θ in the helicity frame for J/ψ mesons from B+ → J/ψK+
decays in data (filled triangles) and in the simulated sample (open circles) and (right) their ratio
after the weighting based on the B+ and J/ψ kinematic properties.
product of the weights for µ+ and µ− depending on their pµ and yµ values.
5 Systematic uncertainties
Sources of systematic uncertainty are considered for each of the four observables λθ, λθφ,
λφ and λinv in both the Collins-Soper and helicity frames. In the Collins-Soper frame, the
overall systematic uncertainties are found to be comparable for each of these observables
in most kinematic bins, while for the helicity frame the systematic uncertainties assigned
to λθφ and λφ are typically a factor of 2–3 smaller than those estimated for λθ and λinv.
For each of the main sources of systematic uncertainty, Table 1 shows the range of values
assigned over all kinematic bins, and their average. The total systematic uncertainties for
each of the four observables can be found in Tables 2 and 3.
The dominant systematic uncertainty is due to the size of the B+→ J/ψK+ control
sample. This leads to non-negligible statistical uncertainties in the correction factors that
are applied to simulated events in bins of pµ and yµ. The uncertainty on a given correction
factor is estimated by varying it by one standard deviation of its statistical uncertainty,
while keeping all other factors at their central values. The polarisation parameters are
recalculated and the change relative to their default values is considered as the contribution
from this factor to the systematic uncertainty. This procedure is repeated for all bins of
pµ and yµ, and the sum in quadrature of all these independent contributions is taken as
the total systematic uncertainty.
The limited size of the sample of simulated events introduces an uncertainty on
the normalisation N(λθ, λθφ, λφ), and this uncertainty is propagated to the polarisation
parameters.
The uncertainty of the sWeight of each candidate used for the background subtraction is
6
Table 1: Sources of systematic uncertainties on the polarisation parameter λθ in the helicity and
Collins-Soper frames. For each type of uncertainty, the average and the range over all ψ(2S)
kinematic bins are shown.
Source
Helicity frame Collins-Soper frame
Average (range) Average (range)
Efficiency correction 0.055 (0.034 – 0.126) 0.035 (0.019 – 0.078)
Simulation sample size 0.034 (0.015 – 0.103) 0.023 (0.010 – 0.094)
Fit to mass distribution 0.008 (0.001 – 0.134) 0.007 (0.001 – 0.188)
ψ(2S) kinematic modelling 0.018 (0.000 – 0.085) 0.016 (0.000 – 0.074)
b-hadron contamination 0.014 (0.002 – 0.035) 0.013 (0.002 – 0.063)
a source of uncertainty on the polarisation parameters. The effect is studied by comparing
the default polarisation parameters with those obtained when varying the definition of the
models used to fit the mass distributions and re-evaluating the sWeight for each candidate.
Several alternative fitting models are studied, including an exponential function for the
background mass distribution, only one CB function for the signal mass distribution, or
shapes for signal and background mass distributions fixed to those obtained from fits
to the mass distributions in sub-regions of the (cos θ, φ) distribution space. The largest
variation with respect to the default result is assigned as the systematic uncertainty.
In each kinematic bin, discrepancies between data and simulation in the ψ(2S) pT and
y distributions introduce an additional uncertainty. This is evaluated by comparing the
default polarisation results with those determined after the ψ(2S) kinematic distribution
in the simulation is weighted to that in data. The difference between the two results is
quoted as a systematic uncertainty contribution.
The uncertainty due to the contamination of ψ(2S) candidates from b-hadron de-
cays (3%) is determined by relaxing the Sτ selection and studying the variations of the
polarisation parameters.
With the exception of the effects due to the differences in the ψ(2S) kinematic spectrum
and the size of the sample of simulated events, correlations are expected among ψ(2S)
kinematic bins. The correlation between these systematic uncertainties in adjacent bins
could be as large as 50%, as the final state muons may have similar momentum and
rapidity. For each kinematic bin, the total systematic uncertainty is calculated as the
quadratic sum of the various sources of systematic uncertainties assuming no correlation
within each kinematic bin.
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Figure 4: Polarisation parameters for prompt ψ(2S) mesons as a function of pT, in five rapidity
intervals, (top left) λθ and (bottom) λinv, measured in the helicity frame, and (top right) λθ in the
Collins-Soper frame. The uncertainties on data points are the sum in quadrature of statistical
and systematic uncertainties. The horizontal bars represent the width of the pT bins for the
ψ(2S) meson. The data points for each rapidity interval are displaced horizontally to improve
visibility.
6 Results
The results for the polarisation parameters λθ, λθφ, λφ and λinv, and their uncertainties, in
each pT and y bin of the prompt ψ(2S) meson sample, are reported in Tables 2 and 3 for
the helicity and the Collins-Soper frames, respectively. The systematic uncertainties are
similar in size to the statistical uncertainties. The parameters λθ and λinv are also shown
in Fig. 4 as functions of the pT of the ψ(2S) mesons, for different y bins.
The frame-invariant polarisation parameter λinv is consistent with a negative polari-
sation with no strong dependence on the pT and y of the ψ(2S) meson. The values and
uncertainties of λinv that are measured in the helicity and the Collins-Soper frames are
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Figure 5: Polarisation parameter λθ of the prompt ψ(2S) meson in the helicity frame as a
function of pT, in the rapidity range 2.5 < y < 4. The predictions of NLO CSM [37] and three
NLO NRQCD models (1) [37], (2) [38] and (3) [39] are also shown. Uncertainties on data are the
sum in quadrature of the statistical and systematic uncertainties. The horizontal bars represent
the width of pT bins for the ψ(2S) meson.
in good agreement with each other, with differences much smaller than the statistical
uncertainties. In the Collins-Soper frame, λθ takes small negative values especially in the
low-pT region and increases with pT. This trend is more significant for the extreme y
bins. In the helicity frame, the polarisation parameter λθ is consistent with zero, with no
significant dependence on pT or y of the ψ(2S) meson. The polarisation parameters λθφ
and λφ are consistent with zero in both the helicity and Collins-Soper frames, and their
absolute values are below 0.1 for most of the kinematic bins.
In Fig. 5, the measured values of λθ in the helicity frame as a function of pT of the
ψ(2S) meson, integrating over the rapidity range 2.5 < y < 4.0, are compared with the
predictions of the CSM [37] and NRQCD [37–39] models at NLO. Our results disfavour the
CSM calculations, in which the ψ(2S) meson is significantly longitudinally polarised. The
three NRQCD calculations in Refs. [37–39], which use different selections of experimental
data to determine the non-perturbative matrix elements, provide a good description of
our measurements in the low-pT region. However, the prediction of increasing polarisation
with pT in these models is not supported by the LHCb data.
9
7 Conclusion
The polarisation of prompt ψ(2S) mesons is measured as a function of the ψ(2S) pT and y
in the range 3.5 < pT < 15 GeV/c and 2.0 < y < 4.5, in pp collisions at
√
s = 7 TeV. The
analysis is performed using data corresponding to an integrated luminosity of 1.0 fb−1,
collected by the LHCb experiment in 2011. The polarisation parameters λθ, λθφ, λφ and
λinv are determined in the helicity and Collins-Soper frames by studying the angular
distribution of the two muons produced in the ψ(2S)→ µ+µ− decay.
The frame-independent observable λinv is consistent with a negative polarisation. The
measured values of λθφ and λφ are small over the accessible kinematic range. The λθ
distribution in the helicity frame shows that the ψ(2S) meson exhibits neither large
transverse nor longitudinal polarisation. Although a direct comparison with previous
measurements by CMS and CDF is not possible due to the different kinematic ranges, all
results disfavour large polarisation in the high-pT region. The prompt ψ(2S) polarisation
measured at LHCb disagrees with the CSM predictions both in the size of the polarisation
parameters and the pT dependence. While the NRQCD models provide a good description
of the LHCb data in the low-pT region, the predicted transverse polarisation at high-pT is
not observed.
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